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Abstract--A nonparametric method for the estimation of a dose-response r lation is 
described. Up to two quantitative covariates can be handled. Subject only to the con- 
straints of monotonicity an estimation procedure together with an approach for testing 
the association is described. An application to data of an epidemiological study is 
presented. 
1. INTRODUCTION 
The goal of epidemiotogical studies in occupational medicine is to clarify whether a certain 
agent (e.g. chemical compound) is a health hazard. The proof of a dose-response r la- 
tionship is an important criteria on the way to establishing a causal connection between 
the agent and a disease. Beside the agent one has to take into consideration other factors, 
like time of exposure or smoking etc. 
The test of whether an association is statistically significant is often based on a sub- 
division of the exposure in slight and heavy. Other factors are used for stratification. 
Applying this procedure one gets a series of 2 x 2 tables, which were analysed by the 
Mantel -Haenszel  test[l]. Other methods, also widely used, are based on the application 
of a multivariate parametric model, e.g. the logistic regression[2]. The disadvantage of 
the first approach is the necessity of subdividing the exposure, which generally leads to 
a loss of information. Another approach for this situation was published by Lange and 
Ulm[3], where instead of one cutpoint a series of different cutpoints for the subdivision 
of the exposure variable were considered. The Mantel-Haenszel test was calculated for 
all subdivisions. If at no cutpoint the test statistic is above the critical value, then it is 
more evident that there is no association than in the case of just one cutpoint. 
Using a parametric model it is not necessary to subdivide the data. The objections 
raised against his approach are first, why is just this model, e.g. the logistic model selected 
and not another one (e.g. the one-hit, multihit, multistage model), and second, for a 
nonstatistician the result in form of the coefficients is often too abstract. 
In this paper we want to present a nonparametric method for the analysis of a dose- 
response relation. The assumptions of this method are very unrestrictive and no division 
of the data is required. 
This approach is the multivariate extension of a univariate method described by 
Thomas[4] for the analysis of the association between asbestos exposure and lung cancer. 
2. METHOD 
In an epidemiological study in occupational medicine the following variables are to 
take into consideration: 
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- - the  exposure (concentration) of the agent; 
- - t ime in one or more of the following forms; 
• age, 
• time of exposure, 
• time since first exposure; 
rathe exposure to other factors (smoking etc.); 
- - the  response (disease). 
The aim is to definitively show whether there is an association between the agent and the 
response with respect o the other variables. 
It is mostly when there is an association between these variables and the response that 
the risk of getting the disease grows with increasing time or exposure. As a nonparametric 
approach without any additional assumptions except monotonicity, one can use the so- 
called isotonic regression[5]. It is possible to calculate the isotonic regression with up to 
two quantitative variables. Additional factors have to be taken into account by 
stratification. 
Isotonic regression 
The algorithm of the isotonic regression is described very briefly with an example using 
one variable, denoted by c (for "concentrat ion") .  The outcomes of c are called c,- (i = 
I . . . . .  r) with c~ < c2 < "'" < cr. At level c; all together n; individuals are observed and 
m~ out of the m are diagnosed as having the disease. A crude estimate of the prevalence 
P(c~) at level ci is 
e(ci) mi 
ni 
If for allc,.(i  = I . . . . .  r - 1) the relation 
t5(ci) <~ 15(ci+l) (I) 
holds, then the values /6(ci) are the points of the isotonic regression. If at one pair of 
outcomes (c,-, ci_ ~) the relation (1) does not hold, which means there is a decrease in the 
risk while the concentration i still increasing, then this pair (c,., ci-~) is pooled together 
and gives the following estimate of the prevalence: 
P(c i )  = P (c i - l )  - 
mi + mi -1  
ni + h i -  1 
This procedure is repeated until for all values c,- (i = I . . . . .  r - 1) relation (I) holds. 
The algorithm minimizes the following sum of squares under relation (1): 
P( ) ~]-" r mi  $2 = i=~=l Ci -- 
For the one-dimensional situation it can also be shown that the isotonic regression max- 
imizes the likelihood function under the constraints of monotonicity[5]. The isotonic 
regression is a step function with jumps only at ci values of the cases. If k is the number of 
distinct values of c,-in the cases (= maximum number of possible jumps) and I the number 
of actual jumps, than under the null hypothesis of no dose-response r lation ! increases 
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in expectation as In k. In the monograph of Barlow et al.[5] some tests are mentioned for 
the univariate situation. 
The estimation and test procedure for the two-dimensional situation is much more 
complicated. If the second factor, beside concentration c, is denoted by t (= time) then 
the following relation must hold: 
P(ci, tj) <~ P(ci,, t;) for all i ~< i' and j  ~<j'. (2) 
P(c, t) = prevalence at concentration c and time t. For an example see Gebhardt[6]. 
The aim is to test whether there is an association between the agent and the response 
with respect o the influence of the factor " t ime" .  The null hypothesis Ho is therefore 
Ho:P(c,  tj) = P(tj) 
for all values of c at time tj. The alternative H~ is that the prevalence is growing with 
increasing concentration. The estimation procedure, described above for the univariate 
situation, is to repeat until relation (2) holds for all pairs (ci, tj). 
In Barlow et al.[5] no test is mentioned for this case. In the following a possible test 
procedure will be described. As mentioned before, the algorithm minimizes the sum of 
squares. To compare the result of the isotonic regression with those of parametric models. 
the value of the log-likelihood function In L is calculated. For all individuals i (i = 1, 
. . . .  n) we have the variables (c~, ti, 8~) where g, indicates the status (0 = not diseased. 
1 = diseased). Then the log-likelihood function is defined as 
n 
l nL  = ~] [Si lnP(ci ,  ti) + (I - g~)ln(1 - P(ci, tz))]. 
i=1  
It is easy to calculate the value of the likelihood function but the distribution of ln L under 
Ho is unknown. One help in this situation often used is to carry out a simulation study 
considering the situation under/4o. One can take all individuals with their individual time 
of exposure, generate the dust concentration using random number methods and calculate 
the value of the log-likelihood function. By doing this many times one gets the distribution 
of in L under the null hypothesis in this special situation. The 95- or 99-percentile of the 
distribution function can be taken as critical value. 
o 
In the case of three or more explanatory variables, one has to stratify the data into 
subgroups. The procedure described above can be performed in each subgroup. All results 
can be combined into one overall statistic using, e.g. Fisher's method[7]. 
3. APPLICATION 
The method was applied to data of an epidemiological study concerning the relation 
between the occupational dust exposure and chronic bronchitis. In this study about 
13 000 subjects from different industrial occupations, which are largely representative of 
the most important dust-burdened occupations in Germany, were investigated medically 
twice within 5 years between 1966 and 1977. For details see Refs. [8] and [9]. 
For the presentation of the results we restrict ourselves to the sample of the coal miners, 
where the dust concentration was measured from 1954 onwards. For the analysis we used 
just the sample who started their jobs at the coal mines. This restriction has the advantage 
that there is no unknown exposure before. The other factor considered was smoking. We 
are presenting the results of the non- or exsmoking subsample. 
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Table 1 and Fig. 1 give a survey about this subsample. The isotonic regression was 
applied two times, firstly considering only the factor "'time of exposure" and secondly 
both factors (see Fig. 2). Figure 2 shows the well-known effect of the factor "time of 
exposure" very clearly. But the risk of getting chronic bronchitis is also growing with 
increasing dust concentration. 
The relation is different at a time of exposure below and above 26 yr. If the time of 
exposure is below 26 yr the risk is increasing only within a range of about 3-6 mg/m 3 and 
is then remaining nearly constant. At an exposure time of 26 yr and more the risk is still 
increasing with higher concentrations. No risk can be observed if the dust concentration 
is less than 3 mg/m 3 or the time of exposure is below 12 yr. But this result is based on 
just a few cases (see Fig. 1). 
Table 2 gives the values of the log-likelihood functions under the isotonic regressions 
together with k and l, the maximum and actual number of jumps. The relation between 
"time of exposure" and chronic bronchitis is statistically significant (P < 0.01) as one 
would expect from Fig. 2. 
The log-likelihood function for testing the relation of interest between the dust con- 
Table 1. Characteristics of the sample of non- or exsmoking coal miners 
Chronic bronchitis 
no yes Sum 
Number 200 
Average time of exposure (y r )  "~ " _..., 
Average fine-dust concentration (mg/m 3) 7.8 
67 267 
29.3 24.8 
8.7 8.0 
2S.00~ 
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Fig. 1. Fine-dust concentration and time of exposure for the non- or exsmoking coal miners. The cases with 
chronic bronchitis ( + ) and without (-I) are graphed separately. 
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Fig. 2. Result of the isotonic regression on the subsample of non- or exsmoking coal miners. 
centration and chronic bronchitis with respect o time leads to 
lnL  = -114.65. 
To prove whether this value indicates a statistically significant association, a simulation 
study was performed. The situation under the null hypothesis of no association between 
dust and chronic bronchitis, 
Ho:P(c ,  t) = P ( t ) ,  
was considered. 
For all individuals a random dust concentration was generated using a uniform distri- 
bution within the range from 1 to 15 mg/m 3. The isotonic regression was applied to this 
set of data. This procedure was repeated 200 times. The distribution of In L under Ho is 
shown in Fig. 3. The 95% value of In L under Ho is - 119.16. The observed value of In 
L = - 114.65 is above this critical value and therefore indicates a statistically significant 
association (p < 0.05) between the occupational dust exposure and chronic bronchitis. 
Table 2. Log-likelihood values under the isotonic regression together 
with k and I (maximum and actual number of jumps) 
Log-likelihood k l 
No factor - 150.42 - -  - -  
Time of exposure - 131.38 29 8 
Time of exposure and dust concentration - 114.65 67 13 
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Fig. 3. Distribution of the log-likelihood function In L under the null hypothesis. Result of the simulation study. 
4. DISCUSSION 
A nonparametric method, the isotonic regression, ispresented for estimating and testing 
a dose-response r lationship. This method can be considered as a means of visualizing 
the relationship in the form of a step function, whereas the true relationship is almost 
certainly continuous. But the isotonic regression provides the most precise estimate of 
the risk without any stronger assumptions than the monotonicity. The advantages in com- 
parison to parametric models are 
- -no further assumptions except monotonicity; 
--therefore no problem with the choice of a special model and the test of whether the 
assumptions are fulfilled; 
- -the result is independent of the selection of the model. 
The disadvantages are 
--only up to two quantitative variables can be handled; 
- -at  the moment no test theory is available. Tests have to be based on the result of a 
simulation study, in which the situation of the null hypothesis i considered. This 
approach requires large computing times. 
To summarize, the isotonic regression provides a better description of the data than the 
usual form presented in Fig. 1. It is possible to visualize a dose-response r lationship and 
it can be a help in the selection of a special parametric model. 
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